The vascular adventitia is a niche for multipotent and lineage-restricted resident progenitor cells, positive for Sca1 (stem cell antigen-1), cd34, c-kit, or Flk-1^[@R1],[@R2]^ and able to differentiate into the various cell types forming the vascular wall, including smooth muscle cells (SMCs), endothelial cells (EC), and mesenchymal cells. Recent evidence suggests that the vascular progenitor cells, firstly identified in the adventitia of the aortic root of ApoE (apolipoprotein E)-deficient mice---a model of native atherosclerosis, contribute to vascular diseases and remodeling.^[@R1]^ In vein graft and wire injury models, adventitial Sca1^+^ progenitor cells (AdvSca1) grafted on the perivascular side of the vessel, migrated to the neointima, newly expressed SMC markers, including SM22α (smooth muscle protein 22-alpha) and enhanced atherosclerotic progression.^[@R1],[@R3]^ A recent study showed that 50% of neointimal SMCs of injured vessels were derived from adventitial mesenchymal stem cells.^[@R4]^ Reciprocally, Majesky et al^[@R5]^ demonstrated that a proportion of AdvSca1 cells originated in situ from differentiated medial SMCs and that after vascular injury, SMC-derived AdvSca1 cells expanded and were involved in adventitial remodeling. These findings implicate that the vascular adventitial stem/progenitor cell population could play an important role in vascular diseases.
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AdvSca1 cells are preferentially specified toward an SMC fate in vitro,^[@R2]^ and collagen IV or PDGF-BB (platelet-derived growth factor-BB) strongly induced the expression of SMC genes, including *αSMA* (α-smooth muscle actin) and *SM22α*.^[@R1],[@R6]^ AdvSca1 cells showed to a lesser extent the potential to give rise to adipocytes, osteoblasts, and chondrocytes.^[@R6]^ When incubated with VEGF (vascular endothelial growth factor), only a subset of AdvSca1 cells, also expressing αSMA, expressed EC marker cd31.^[@R2]^ Resveratrol promoted in vitro the differentiation of AdvSca1 cells toward the endothelial lineage through inhibition of the β-catenin pathway. In vivo, a resveratrol-enhanced diet also reduced neointima formation and promoted reendothelization in a murine model of vein graft,^[@R7]^ and similar results were observed when VEGF was applied to the adventitial side of decellularized vessel grafts.^[@R8]^ These results encouraged us to develop a robust and reproducible protocol to direct AdvSca1 cell differentiation toward EC as a therapeutic approach, and thus, preventing the differentiation of vascular progenitor cells into SMCs during the development of vascular diseases.

ETV2 (ETS variant 2)---a member of the ETS (E26 transformation-specific) transcription factor family---is a strong inducer of EC differentiation during early vascular development^[@R9]^ and has been used in several studies, alone or in combination with other factors, to transdifferentiate in vitro mouse and human fibroblasts into EC.^[@R10],[@R11]^ In the current study, we investigated whether we could direct AdvSca1 cells toward the endothelial lineage by overexpressing ETV2 and how the cell conversion would affect vascular hyperplasia. Our results showed that ETV2 transduction increased EC gene expression in AdvSca1 cells. ETV2 also downregulated SMC/mesenchymal genes expression by decreasing the expression of epigenetic modifiers TET (ten-eleven translocation) enzymes. AdvSca1 cells transduced with ETV2 in an endothelial injury model lost the ability to enhance neointima formation or vascular remodeling and promoted reendothelization.

Materials and Methods
=====================

Materials and Methods are available in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1).

Results
=======

AdvSca1 Cells Are Specified Toward an SMC/Mesenchymal Fate In Vitro
-------------------------------------------------------------------

To assess the potential of AdvSca1 cells to differentiate into EC in vitro without gene manipulation, we cultured the cells for 3 days in different conditions: in Dulbecco modified Eagle medium with 10% of fetal bovine serum (FBS) and supplemented with LIF (leukemia inhibitory factor; to keep the undifferentiated state of AdvSca1 cells) or without LIF, with and without VEGF; or in Dulbecco modified Eagle medium with 10% of serum replacement (SR) with and without VEGF. Cells cultured in SR displayed a change of morphology (Figure [1](#F1){ref-type="fig"}A; Figure IA in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)) with reduced proliferation as shown by measurement of Edu incorporation and cell cycle distribution by flow cytometry analysis (Figure IIA and IIB in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)). AdvSca1 cells cultured in SR (Adv-SR) showed an increase in the expression of cd34 expression compared with undifferentiated AdvSca1 cells by quantitative real-time polymerase chain reaction (RT-PCR). However, endothelial gene *VE-cadherin* (*cdh5*), *cd31*, and *Flk-1* expression were not increased in any culture conditions, and VEGF did not further promote EC differentiation in SR medium (Figure IB in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)). Cd34 is expressed by ECs and vascular wall progenitor cells with endothelial potential,^[@R12]^ but its expression was also reported on progenitors with smooth muscle and mesenchymal potential.^[@R13]^ Consequently, we also analyzed the expression of markers specific for other lineages and noticed a strong induction of SMC/mesenchymal genes, such as *αSMA* (*acta2*), *Pdgfrβ*, *cdh11*, and *col1a*, in Adv-SR cells (Figure [1](#F1){ref-type="fig"}C). Immunofluorescence staining confirmed the induction of αSMA in Adv-SR cells at the protein level (Figure [1](#F1){ref-type="fig"}B). We concluded that on LIF and serum removal, AdvSca1 cells autonomously and preferentially commit to an SMC/mesenchymal fate, and VEGF alone is insufficient to induce EC differentiation in vitro.

![Adventitial Sca1^+^ (AdvSca1) progenitor cells differentiate into smooth muscle cells/mesenchymal cells and undergo epigenetic changes in vitro and ex vivo in response to vascular injury. **A**, Morphology of AdvSca1 cells cultured for 3 d in medium with fetal bovine serum (FBS)+LIF (leukemia inhibitory factor) or with serum replacement (SR). **B**, Immunofluorescence staining of AdvSca1 cells cultured for 5 d in medium with FBS or SR for αSMA (α-smooth muscle actin; red). DAPI (4',6-diamidino-2-phenylindol) stains nuclei (blue). Quantitative real-time polymerase chain reaction of (**C**) acta2, Pdgfrβ, cdh11, col1a, cd34, and (**D**) TET (ten-eleven translocation) expression in AdvSca1 cells cultured in different conditions (experiment done in triplicates; \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, \*\*\*\**P*\<0.001; data representative of 2 independent experiments). **E**, Dot blot for global enrichment for 5hmc using genomic DNA (n=3 independent experiments) isolated from AdvSca1 cells cultured in FBS+LIF or SR. Single-strand DNA (ssDNA) antibody shows equal loading. Densitometry quantification was performed using ImageJ software. Mouse AdvSca1 cells were cultured for 5 d in presence of conditioned media (CM) from uninjured or injured sections of the same rat artery. **F**, Immunofluorescence staining of AdvSca1 cells for αSMA (red) and increase of αSMA^+^ cells (n=6 arteries; \**P*\<0.05 vs uninjured aorta-CM; 5×20 magnification fields were counted for each experiment). **G**, Immunofluorescence staining of AdvSca1 cells for 5hmc (green). Intensity of fluorescence per nucleus and per ×40 magnification field, n=4 magnification fields, \*\*\**P*\<0.001 vs uninjured aorta-CM. The histogram is representative of results from 4 different arteries.](atv-38-232-g001){#F1}

TET and 5hmC Are Upregulated During AdvSca1 Cell Differentiation Into SMC/Mesenchymal Cells In Vitro and in Response to Vascular Injury
---------------------------------------------------------------------------------------------------------------------------------------

We next investigated the potential mechanisms associated with the SMC/mesenchymal differentiation of AdvSca1 cells. Several studies support the involvement of epigenetic alterations in vascular diseases. Recently, DNA-modifying enzymes TET were linked to SMC plasticity and the development of atherosclerotic lesions in patients and mice models.^[@R14]^ We measured TET (tet1, tet2, and tet3) mRNA levels in AdvSca1 cells after culture in different conditions (Figure [1](#F1){ref-type="fig"}D). Because TET enzymatic activity is to convert 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), we also measured 5hmC levels in genomic DNA from undifferentiated AdvSca1 cells and differentiated Adv-SR cells (Figure [1](#F1){ref-type="fig"}E; Figure IC in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)). Our results demonstrated that elevated TET mRNA and 5hmC levels were associated with increased differentiation toward an SMC/mesenchymal phenotype. We next investigated the effect of vascular injury on AdvSca1 cells differentiation using an aorta-conditioned medium (CM)-based differentiation assay described in a recent study.^[@R15]^ AdvSca1 cells were incubated in CM prepared from an ex vivo-injured or uninjured ascending aorta for 5 days. Immunostaining using a specific antibody for αSMA (Figure [1](#F1){ref-type="fig"}F; Figure ID in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)) and quantitative RT-PCR for col1a (Figure IE in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)) revealed that CM from injured aorta stimulated the expression of these SMC/mesenchymal genes in AdvSca1 cells at the protein and RNA levels, respectively. Quantitative RT-PCR to measure TET expression showed a significant increase in Tet3 expression in AdvSca1 cells incubated with CM from injured aorta compared with CM from uninjured aorta (Figure IF in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)). Immunofluorescence staining using a specific antibody for 5hmc also confirmed increased DNA hydroxymethylation in AdvSca1 in presence of injured aorta-CM compared with uninjured aorta-CM (Figure [1](#F1){ref-type="fig"}G). Altogether, our results showed that AdvSca1 cells differentiate preferentially into SMC/mesenchymal cells in vitro and in response to vascular injury conditions. We also showed that epigenetic events are associated with SMC/mesenchymal differentiation.

ETV2 Directs AdvSca1 Cells Toward an Endothelial Fate
-----------------------------------------------------

To force the differentiation of the cells toward the endothelial lineage instead of the SMC/mesenchymal lineage, we transduced AdvSca1 cells with adenoviral particles overexpressing ETV2---an EC transcription factor, strong inducer of EC differentiation, used in previous studies to transdifferentiate fibroblasts into EC.^[@R10],[@R11]^ The cells were placed in SR medium with VEGF to facilitate VE-cadherin and cd34 expression. After 7 days, the cells were harvested, and ETV2 overexpression was confirmed by immunostaining (Figure [2](#F2){ref-type="fig"}A). AdvSca1 cells overexpressing ETV2 (AdvSca1^+^ cells differentiated in SR and transduced with ETV2 virus \[Adv-ETV2\]) displayed a more endothelial-like morphology compared with undifferentiated AdvSca1 (AdvSca1) and to the cells differentiated with the adenovirus control (AdvSca1^+^ cells differentiated in SR and transduced with null virus \[Adv-null\]; Figure [2](#F2){ref-type="fig"}B) and could take up red fluorescent-labeled acetylated LDL (low-density lipoprotein; Figure [2](#F2){ref-type="fig"}C). Global gene expression analysis revealed that Adv-ETV2 cells obtained from 2 independent experiments clustered with 2 different EC lines as illustrated by hierarchical clustering (Figure [2](#F2){ref-type="fig"}E) and were enriched for a full panel of endothelial-specific genes (Figure [2](#F2){ref-type="fig"}D). We confirmed the strong induction of EC-specific markers, including VE-cadherin, flk-1 (VEGFR2), and tie2, and of genes involved in angiogenesis and vascular development, such as *Rasip1* at the mRNA level (Figure [2](#F2){ref-type="fig"}F and [2](#F2){ref-type="fig"}G) compared with undifferentiated AdvSca1 cells, AdvSca1^+^ cells differentiated in SR+VEGF, and Adv-null. Flk-1, VE-cadherin, and Rasip1 induction were confirmed at the protein level (Figures [2](#F2){ref-type="fig"}H and [4](#F4){ref-type="fig"}D; Figure VA in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)). Therefore, our results proved that ETV2 alone is sufficient to direct the differentiation of AdvSca1 cells toward the endothelial lineage.

![Adenovirus-mediated ETV2 (ETS variant 2) overexpression promotes endothelial differentiation of adventitial Sca1^+^ (AdvSca1) cells. **A**, Schematic of the differentiation protocol and immunofluorescence staining for ETV2 (red). **B**, Morphology of AdvSca1, adventitial Sca1^+^ cells differentiated in serum replacement (SR) and transduced with null virus (Adv-null), and adventitial Sca1^+^ cells differentiated in SR and transduced with ETV2 virus (Adv-ETV2) cells at day 7. **C**, Ability to take up acetylated LDL (low-density lipoprotein; red fluorescence). **D**, Heat map for selected genes shows enriched expression for endothelial cell (EC) genes in Adv-ETV2 cells based on the microarray results. Color bar indicates gene expression in scale. **E**, Hierarchical clustering of global gene expression after microarray. Postnatal mouse smooth muscle cell, mouse EC lines CRL2581 (YS-EC) and MS1 (EC) were used as controls. Quantitative real-time polymerase chain reaction of (**F**) EC receptors cdh5, tie2, Flk-1, and Flt1, transcription factor Fli, and of (**G**) EC-specific genes *Egfl7*, *Rasip1*, and *Robo4* in Adv-ETV2, Adv-null cells, and AdvSca1 cells cultured in fetal bovine serum (FBS)+LIF (leukemia inhibitory factor) or SR+VEGF (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, \*\*\*\**P*\<0.0001; n=4 independent experiments). **H**, Immunofluorescence staining of Adv-null and Adv-ETV2 cells for VEGFR2 (green) and ETV2 (red).](atv-38-232-g002){#F2}

Adv-ETV2 Cells Form Capillaries In Vivo and Ex Vivo
---------------------------------------------------

To compare the potential of AdvSca1, Adv-null and Adv-ETV2 cells to form capillaries in vivo, the cells were stably labeled by infection with histone H2b-RFP (red fluorescent protein) lentiviral particles to allow their tracing and used in a subcutaneous angiogenesis Matrigel assay. As shown previously,^[@R5]^ undifferentiated AdvSca1 cells have a limited ability to spontaneously form capillaries in an in vivo Matrigel assay. After ETV2 reprogramming, Adv-ETV2 cells displayed increased vasculogenic properties and could be seen incorporated in a much denser network of vessels (Figure [3](#F3){ref-type="fig"}A). Similar to our in vitro results, Adv-ETV2 RFP cells still expressed EC markers VE-cadherin and VEGFR2 in vivo as shown by immunofluorescence. The cells also newly expressed EC marker cd31, showing that the cells had further differentiated (Figure [3](#F3){ref-type="fig"}A; Figure VI in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)). The presence of blood cells in the lumen indicating a functional capillary network could only be seen in vessels from Matrigel plugs seeded with Adv-ETV2 cells (Figure VI in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)), confirming that Adv-ETV2 cells were behaving like functional EC in vivo. Almost no vessel formation occurred within the Matrigel plug with Adv-null cells, indicating that the cells do not have the ability to differentiate into EC or to promote vasculogenesis (Figure [3](#F3){ref-type="fig"}A). We next investigated whether ETV2 could promote EC differentiation of AdvSca1 cells using the ex vivo mouse aortic ring assay to study angiogenesis. Aortic ring explants were isolated from Sca1-GFP (green fluorescent protein) transgenic mice to allow easy detection by fluorescence of the AdvSca1 cells in the vascular wall. The mice used in this study were also from ApoE^−/−^ background because it was described that a high number of Sca1^+^ cells was observed in the adventitia of aorta of ApoE null mice.^[@R1]^ The aortic rings cultured in the presence of ETV2 overexpressing adenovirus for 7 days displayed increased sprouting compared with explants cultured with null adenovirus (Figure [3](#F3){ref-type="fig"}B; Figure VIIA in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)). ETV2 overexpression was confirmed in the tissue and in Sca1^+^ GFP cells by immunofluorescence staining (Figure VIIB in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)), and a quantification revealed an increase of GFP cells expressing cd31 after ETV2 transduction (Figure [3](#F3){ref-type="fig"}C and [3](#F3){ref-type="fig"}D). We concluded that the overexpression of ETV2 in adventitial progenitor cells leads to an increase of cd31^+^ cells with proangiogenic properties in the vascular wall.

![ETV2 (ETS variant 2) overexpression in adventitial Sca1^+^ (AdvSca1) cells promotes angiogenesis. **A**, LV H2b-RFP (red fluorescent protein) stably transduced AdvSca1, adventitial Sca1^+^ cells differentiated in serum replacement (SR) and transduced with null virus (Adv-null), or adventitial Sca1^+^ cells differentiated in SR and transduced with ETV2 virus (Adv-ETV2) cells were used for in vivo matrigel plug assays. Adv-ETV2 cells formed a denser network of capillary-like structures (black arrows) compared with the 2 other groups (\**P*\<0.05; 5 microscope fields were counted for each plug; n=5 plugs for each population). RFP Adv-ETV2 express VE-cadherin (green) in newly formed capillaries after immunofluorescence staining. **B**, Representative bright field pictures and quantification of vascular sprouting observed with aortic ring explants from ApoE Sca1-GFP (green fluorescent protein) mice cultured with ETV2 overexpressing adenovirus compared with the control null adenovirus (n=18 rings for each group from 3 independent arteries/experiments; \**P*\<0.05). **C**, Quantification of GFP^+^cd31^+^ cells (n=5 rings from 2 independent arteries/experiments; \**P*\<0.05). **D**, Representative pictures of aortic ring explants from Sca1-GFP transgenic mice, stained for cd31 (red) after culture with ETV2 overexpressing adenovirus. Arrows indicate cd31-positive GFP cells.](atv-38-232-g003){#F3}

ETV2 Prevents SMC/Mesenchymal Differentiation of AdvSca1 Cells
--------------------------------------------------------------

In accordance with the upregulation of SMC/mesenchymal genes in Adv-SR cells (Figure [1](#F1){ref-type="fig"}C), quantitative RT-PCR revealed that several genes of SMC/mesenchymal lineage, including *acta2*, *cdh11*, *pdgfrβ*, *postn*, and profibrotic gene *col1a*, were upregulated in Adv-null and AdvSca1 cells placed in SR+VEGF compared with undifferentiated AdvSca1 cells kept in FBS+LIF (Figure [4](#F4){ref-type="fig"}B). The increase in αSMA, pdgfrβ, and col1a were also confirmed at the protein level (Figure [4](#F4){ref-type="fig"}C and [4](#F4){ref-type="fig"}D). Gene ontology analysis of the differentially regulated genes between Adv-null and undifferentiated AdvSca1 cells according to the microarray data confirmed an upregulation of biological processes linked to extracellular matrix organization and SMC function (Figure III in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)). Global gene expression analysis and quantitative RT-PCR showed that ETV2 overexpression resulted in the inhibition of SMC/mesenchymal gene expression in Adv-ETV2 cells, including *acta2*, *cdh11*, and *col1a* (Figure [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}B). Immunostainings and Western blot analysis demonstrated that αSMA and col1a expressions were also lower at the protein level in Adv-ETV2 versus Adv-null cells (Figure [4](#F4){ref-type="fig"}C and [4](#F4){ref-type="fig"}D). Gene ontology analysis confirmed the downregulation of genes linked to extracellular matrix organization and control of the vascular diameter and blood pressure in Adv-ETV2 compared with Adv-null cells (Figure IV in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)). Surprisingly, quantitative RT-PCR revealed a decrease of cd34 mRNA expression in Adv-ETV2 cells (Figure [4](#F4){ref-type="fig"}B). Cd34 is a marker of EC and endothelial progenitors, and its inhibition could be a barrier for EC differentiation. We performed flow cytometry using an antibody directed against cd34 together with an antibody against specific lineage markers Pdgfrβ or Tie2. This allowed us to compare how AdvSca1, Adv-null, and Adv-ETV2 cells distributed into the mesenchymal and EC lineages and the expression of cd34 in the 2 lineages. Our results showed that when removed from their maintenance medium, Adv-null cells differentiated into a cd34^+^ Pdgfrβ^+^ mesenchymal cell type (from 7.9±5.4% SD to 29±7.5% SD) and that only few of them became cd34^+^ Tie2^+^ (1.4±0.4% SD) or Tie2^+^ (1.6±0.5% SD; Figure [4](#F4){ref-type="fig"}E; Figure VB in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)). These results are in accordance with gene expression analysis (Figures [1](#F1){ref-type="fig"}C and [4](#F4){ref-type="fig"}B). ETV2 promoted the differentiation of AdvSca1 cells toward the EC fate by downregulating the number of cd34^+^ Pdgfrβ^+^ cells (16.7±6.2% SD) and increasing by 3 folds the ratio of cd34^+^ Tie2^+^ versus cd34^+^ Pdgfrβ^+^ cells (Figure [4](#F4){ref-type="fig"}E; Figures VB and XI in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)).

![ETV2 (ETS variant 2) overexpression inhibits the differentiation of adventitial Sca1^+^ (AdvSca1) cells into smooth muscle cells/mesenchymal cells. **A**, Heat map for selected genes shows enriched expression for mesenchymal and profibrotic genes in adventitial Sca1^+^ cells differentiated in serum replacement (SR) and transduced with null virus (Adv-null) cells compared with adventitial Sca1^+^ cells differentiated in SR and transduced with ETV2 virus (Adv-ETV2), from 2 separate experiments based on microarray. Color bar indicates gene expression in scale. **B**, Validation by quantitative real-time polymerase chain reaction of the mRNA changes for the indicated genes in Adv-ETV2, Adv-null cells, and AdvSca1 cultured in fetal bovine serum (FBS)+LIF (leukemia inhibitory factor) or SR+VEGF (n=4 independent experiments; \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, \*\*\*\**P*\<0.0001). **C**, Immunofluorescence staining of AdvSca1, Adv-null, and Adv-ETV2 cells for αSMA (α-smooth muscle actin) and collagen1. **D**, Western blot analysis of VE-cadherin, Pdgfrβ, and αSMA expression in AdvSca1, Adv-null, and Adv-ETV2 cells. GAPDH antibody was used for loading control. Protein extracts from mouse endothelial cells MS1 (1) and CRL2581 (2) were used as positive controls for endothelial cell (EC) protein profile expression. **E**, Quantification by flow cytometry of cd34^+^ Sca1^+^, cd34^+^ Pdgfrβ^+^ and cd34^+^ Tie2^+^ populations in undifferentiated AdvSca1, Adv-null, and Adv-ETV2 cells (\**P*\<0.05, \*\*\**P*\<0.001; n=4--5 independent experiments).](atv-38-232-g004){#F4}

ETV2 Prevents SMC/Mesenchymal Gene Expression Through the Downregulation of an IGFBP-5-TET Axis
-----------------------------------------------------------------------------------------------

To investigate the involvement of epigenetic events in ETV2-mediated reprogramming, we compared TET expression profiles in AdvSca1 cells cultured in FBS+LIF or SR+VEGF, Adv-null, and Adv-ETV2 cells using quantitative RT-PCR. As expected, all TETs were upregulated in AdvSca1^+^ cells differentiated in SR+VEGF and Adv-null compared with AdvSca1 progenitor cells. We also discovered that tet1 and tet3 mRNA levels were significantly lower in Adv-ETV2 cells compared with Adv-null, whereas Tet2 levels seemed unchanged after ETV2 overexpression (Figure [5](#F5){ref-type="fig"}A). Tet1 and Tet3 protein levels appeared also lower in the nuclear and perinuclear regions of Adv-ETV2 cells compared with Adv-null cells as shown by immunofluorescence staining (Figure [5](#F5){ref-type="fig"}B; Figure VIII in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)). We next performed small interfering RNA (siRNA)-mediated knockdown of each Tet isoform in Adv-SR cells. SiRNA knockdown of Tet1 and Tet2 led to concomitant downregulation of the other isoforms most likely because of redundancy in their sequences. Nevertheless, an efficient specific downregulation of Tet3 was achieved, with no reduction of Tet1 and Tet2 expression. This allowed us to identify the role of Tet3 in the regulation of SMC/mesenchymal genes expression because Tet3 siRNA transfection in Adv-SR led to a decrease of αSMA, Pdgfrβ, and col1a mRNA levels compared with Adv-SR cells transfected with siRNA control (Figure [5](#F5){ref-type="fig"}C and [5](#F5){ref-type="fig"}D). Altogether, our results imply that the downregulation of Tet3 expression after ETV2 overexpression is involved in the downregulation of SMC/mesenchymal genes observed in Adv-ETV2 cells. Nevertheless, further investigation will be needed to determine whether the other TETs, and in particular, Tet1, which is also downregulated in Adv-ETV2 cells, play a role in SMC/mesenchymal differentiation of AdvSca1 cells. The screening of our microarray data and quantitative RT-PCR also revealed a strong downregulation of Igfbp-5 (insulin-like growth factor-binding protein 5) expression in Adv-ETV2 cells (Figures [4](#F4){ref-type="fig"}A and [5](#F5){ref-type="fig"}E). IGFBP-5 protein is synthetized by vascular smooth muscles cells and can be secreted or translocated in the nucleus to act as a transcriptional activator.^[@R16]^ IGFBP-5 is strongly induced in Adv-SR cells, and its inhibition using specific siRNA in Adv-SR cells decreased SMC/mesenchymal genes expression (Figure [5](#F5){ref-type="fig"}F and [5](#F5){ref-type="fig"}G; Figure IXA in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)). IGFBP-5 KD Adv-SR cells also expressed lower levels of TET mRNA, especially tet1 and tet3, indicating that IGFBP-5 regulates TET expression (Figure [5](#F5){ref-type="fig"}H). Our results demonstrated that IGFBP-5 acts upstream of TET to regulate SMC/mesenchymal gene expression and that ETV2 prevents mesenchymal/SMC differentiation of AdvSca1 cells by downregulating the IGFBP-5-TET pathway and excessive DNA hydroxymethylation. Interestingly, AdvSca1 cells incubated for 5 days in CM prepared from an ex vivo-injured aorta expressed higher levels of nuclear IGFBP-5 compared with AdvSca1 cells in CM from uninjured aortas (Figure IXB in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)).

![Identification of an IGFBP (insulin-like growth factor-binding protein)-5--TET (ten-eleven translocation) pathway involved in the differentiation of the adventitial Sca1^+^ (AdvSca1) cells into smooth muscle cells (SMCs)/mesenchymal cells. **A**, Quantitative real-time polymerase chain reaction (RT-PCR) of tet1, tet2, and tet3 mRNA expression in AdvSca1 cells cultured in fetal bovine serum (FBS)+LIF (leukemia inhibitory factor), serum replacement (SR)+VEGF, adventitial Sca1^+^ cells differentiated in SR and transduced with null virus (Adv-null), and adventitial Sca1^+^ cells differentiated in SR and transduced with ETV2 (ETS variant 2) virus (Adv-ETV2) cells (n=3 independent experiments; \**P*\<0.05, \*\**P*\<0.01). **B**, Immunofluorescence staining of AdvSca1, Adv-null, and Adv-ETV2 cells for TET3 (red). DAPI (4',6-diamidino-2-phenylindol) stains nuclei (blue). Quantitative RT-PCR of (**C**) tet and (**D**) SMC genes *acta2*, *pdgfrβ*, and *col1a* expression in AdvSca1 cells after 3 d in FBS or SR with transfection of ctrl siRNA or siRNA against *tet1*, *tet2*, and *tet3* (triplicate; \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, \*\*\*\**P*\<0.0001; data representative of 2 independent experiments). **E**, IGFBP-5 mRNA expression in Adv-null and Adv-ETV2 cells. Quantitative RT-PCR of (**F**) *IGFBP-5*, (**G**) SMC genes *acta2*, *pdgfrβ*, *cdh11*, and *col1a*, and (**H**) TET gene expression in AdvSca1 cells after 3 d in FBS or SR with transfection of ctrl siRNA or siRNA IGFBP-5 (triplicate; \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, \*\*\*\**P*\<0.0001; data representative of 2 independent experiments).](atv-38-232-g005){#F5}

Adv-ETV2 Cells Improve Vascular Remodeling in a Model of Femoral Artery Wire Injury
-----------------------------------------------------------------------------------

To study the effect of AdvSca1, Adv-null, and Adv-ETV2 cells in a context of vascular injury, the cells were stably labeled with nuclear H2b-RFP to allow tracing and seeded on the adventitial side of wire-injured femoral arteries. One week after the injury, RFP cells could be seen in the adventitia for all 3 conditions. Arteries transplanted with undifferentiated AdvSca1 cells also displayed RFP cells in the neointima, which had already been observed in a previous study using the same experimental model with stably GFP-labeled AdvSca1 cells (Figure [6](#F6){ref-type="fig"}A).^[@R3]^ The 3 layers of the vascular wall of the arteries were measured 2 weeks post-injury using histological sections and compared with injured arteries where no cells were grafted. Similarly to what had been described in the work by Yu et al,^[@R3]^ the grafting of a high number of exogenous AdvSca1 cells led to an increase of the neointima lesion. Adv-null cells stayed localized in the adventitia, did not migrate to the neointima, and did not increase neointimal hyperplasia but induced a thickening of the vascular wall (Figure [6](#F6){ref-type="fig"}B). We hypothesized that the difference of localization of the cells in the vascular wall was because of differences in migratory properties. We performed in vitro transwell assays, which demonstrated that AdvSca1 cells differentiated into SMC/mesenchymal cells (Adv-SR) had reduced basal migration ability compared with undifferentiated AdvSca1 cells (Figure IIC and IID in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)). Our microarray results and gene ontology analysis also confirmed the upregulation of cell adhesion and downregulation of cell migration processes in Adv-null cells compared with AdvSca1 cells, which are not differentiated yet, possibly through changes in their extracellular matrix composition, such as higher collagen1a levels, and in the expression profile of their integrins and chemokines receptors (data not shown).

![Adventitial Sca1^+^ cells differentiated in serum replacement (SR) and transduced with ETV2 (ETS variant 2) virus (Adv-ETV2) cells improve vascular remodeling in a model of arterial injury. **A**, LV H2b-RFP (red fluorescent protein) stably transduced adventitial Sca1^+^ (AdvSca1), adventitial Sca1^+^ cells differentiated in SR and transduced with null virus (Adv-null), and Adv-ETV2 cells were seeded on the adventitial side of a wire-injured femoral artery. One week after the injury, RFP cells could be seen in the adventitia of all groups. RFP cells could also be seen in the neointima of arteries where AdvSca1 cells were transplanted. (A, adventitia; N, Neointima). **B**, Representative image of Hematoxylin and Eosin (**top**) and elastin (**bottom**) staining performed on histological sections, 2 wk post-injury for each group: arteries with no cells, seeded with AdvSca1 cells, Adv-null, or Adv-ETV2 cells. Arrows indicate the external limit of the intima, media, and adventitia. **C**, Measurements of the adventitia, media, and neointima and calculation of the intima/media and adventitia/media ratios were made on 3 sections per injured artery (n=6 arteries for each group; \**P*\<0.05, \*\**P*\<0.01). Measurements of adventitia, media, and adventitia/media ratio for uninjured arteries are also indicated (3 sections were analyzed per artery; n=4 arteries).](atv-38-232-g006){#F6}

Arteries transplanted with Adv-ETV2 showed decreased vascular wall remodeling and neointimal hyperplasia compared with all the other groups, including the group of arteries with no grafted cells as indicated by reduced adventitia/media and intima/media ratios (Figure [6](#F6){ref-type="fig"}B and [6](#F6){ref-type="fig"}C). One component of vascular hyperplasia is cell proliferation. After injury, cells in the media and at the external border of the media, negatives for Sca1 expression showed increased proliferation (Figure XA and XB in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)), and this effect was amplified with the grafting of Adv-null cells but not Adv-ETV2 as seen by PCNA (proliferating cell nuclear antigen) immunostaining followed by quantification (Figure [7](#F7){ref-type="fig"}A). After 2 weeks, few RFP cells could still be detected (data not shown), so we hypothesized that the effect of the progenitors on hyperplasia could be explained by paracrine effects on SMC proliferation. We performed coculture experiments where SMCs were plated in a transwell on top of Sca1^+^ adventitial cells. After Edu incorporation, SMC were harvested, fixed, and analyzed for cell cycle distribution. Our results showed that adding undifferentiated AdvSca1 cells to the culture could decrease SMC proliferation but that after SMC/mesenchymal differentiation, the cells (Adv-SR) had lost their antiproliferative effect (Figure XC in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)). Similarly, SMC cultured with Adv-null cells showed more proliferation than when cultured with undifferentiated AdvSca1 cells. Overexpressing ETV2 in the adventitial progenitors partially rescued the antiproliferative effect on SMC (Figure [7](#F7){ref-type="fig"}B). Immunostaining using cd31 antibody showed that 1 week post-injury, reendothelization was improved in arteries grafted with Adv-ETV2 (Figure [7](#F7){ref-type="fig"}C). We only detected occasionally RFP Adv-ETV2 cells in the endothelial layer of the arteries 1 week post-injury indicating that Adv-ETV2 indirectly contributed to the reendothelization process. Therefore, the positive effect of Adv-ETV2 cells on vascular remodeling could be explained by a combination of antiproliferative and proangiogenic properties.

![Adventitial Sca1^+^ cells differentiated in serum replacement (SR) and transduced with ETV2 (ETS variant 2) virus (Adv-ETV2) cells induce less smooth muscle cell (SMC) proliferation in vitro and in vivo and facilitate reendothelization of injured arteries. **A**, Representative picture of immunohistochemistry using PCNA (proliferating cell nuclear antigen) antibody performed on sections of 2 wk postinjury arteries where no cells, adventitial Sca1^+^ cells differentiated in SR and transduced with null virus (Adv-null), or Adv-ETV2 cells were seeded (n=4 arteries). Arrows indicate the external limit of the intima and media. PCNA^+^ cells of the media were quantified for each experimental group (\*\**P*\<0.01; n=4). **B**, SMCs were cultured on transwells on top of undifferentiated adventitial Sca1^+^, Adv-null, or Adv-ETV2 cells for 3 d. SMCs were incubated with Edu for 2 h, harvested, fixed, and analyzed for cell cycle distribution using Fx cycle (\**P*\<0.05, \*\**P*\<0.01 \*\*\**P*\<0.001; n=3; data representative of 2 independent experiments). **C**, Immunostaining using cd31 antibody of paraffin section of 1-wk postinjury arteries where no cells, Adv-null, or Adv-ETV2 cells were seeded.](atv-38-232-g007){#F7}

Discussion
==========

In accordance to previous findings, we observed that AdvSca1 cells grafted on the adventitial side of a wire-injured femoral artery migrated within the vascular wall toward the luminal side of the vessel and increased neointimal hyperplasia.^[@R3]^ We also showed that the overexpression of ETV2 in AdvSca1 cells was sufficient to direct the cells toward the endothelial lineage while preventing them from acquiring an αSMA^+^ phenotype with pathological properties. This work presents the first evidence that the transdifferentiation of AdvSca1 cells into ECs, that is, controlling the cell fate of vascular wall resident progenitor cells by gene transfer, is a promising therapeutic approach against vascular diseases.

Twenty percent of the AdvSca1 cells used in this study expressed cd34 marker, 20% expressed Pdgfrβ, and \<1% expressed Tie2. Majesky et al^[@R5]^ have recently described the heterogeneity within AdvSca1 cells. Using in vivo fate mapping, they showed that the AdvSca1 pool is composed of 2 separate populations. One population originated from differentiated SMC (SMC-derived AdvSca1 cells) and contributed to adventitial remodeling after injury. Several subpopulations were identified within SMC-derived AdvSca1 cells depending on the expression of markers, such as Pdgfrβ. The AdvSca1 cells used in our study share several similarities with SMC-derived AdvSca1 cells, including common markers and a predisposition to differentiate into SMC and mural cells rather than ECs. When AdvSca1 cells were placed in culture without LIF and with SR for 5 days to promote their differentiation, a strong increase in the number of Sca1^+^ cd34^+^ cells could be measured. Cd34 has been found to be expressed on the surface of mesenchymal,^[@R13],[@R17]^ SMC,^[@R1]^ and EC progenitors^[@R12]^ and could be identifying cells that have left the multipotent progenitor state Sca1^+^ to a more lineage committed one Sca1^+^ cd34^+^. These observations are based on in vitro experiments. Therefore, after successfully generating a Sca1 knock-in inducible Cre mice, our next step is to confirm in vivo that Sca1^+^ cd34^+^ cells originate from Sca1^+^ cells. A recent study showed that adventitial Gli1^+^ cd34^+^ Pdgfrβ^+^ cells could migrate to the neointima of injured arteries and differentiate into SMC-like cells expressing αSMA and calponin.^[@R4]^ cd34^+^ Tie2^+^ VEGFR2^+^ VE-cadherin^+^ cd31^−^ cells located in the vasculogenic zone between the adventitia and the media of human thoracic arteries, on the opposite, were identified as endothelial precursors able to form sprouts ex vivo.^[@R12]^ Our results implicate that ETV2 overexpression promotes in vitro the commitment of AdvSca1 cells toward an endothelial progenitor fate by inhibiting the differentiation into cd34^+^ Pdgfrβ^+^ cells while promoting the emergence of cd34^+^ Tie2^+^ cells (Figure XI in the [online-only Data Supplement](http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1)).

Both AdvSca1 (data not shown) and Adv-null cells increased cell proliferation within the vascular wall in vivo but in different layers because of different localization. Based on our in vitro coculture proliferation assays and ex vivo CM differentiation assays, we postulate that in the context of vascular injury, AdvSca1 cells differentiate toward a mesenchymal fate promoting SMC proliferation through paracrine effect, leading to enhanced vascular hyperplasia. PDGF-DD could mediate this effect because our microarray indicated it is expressed in Adv-null cells. It was shown that PDGF-DD is overexpressed in ApoE-deficient mice and can induce KLF4 (Kruppel-like factor 4) expression and phenotypic modulation in SMC.^[@R18]^ ETV2 overexpression decreased *Pdgfd* gene expression and reduced the proliferative effect on SMC.

ETV2 is a critical transcriptional activator of EC gene expression during vascular development.^[@R9]^ ChIP-seq analysis indicated that ETV2 directly binds to promoters and enhancers of endothelial genes, including *Flk-1*, *Fli1*, *Tie2*, *VE-cadherin*, *Dll4*, and *Nrp2*.^[@R19]^ Several studies also demonstrated that ETV2 is important for the specification of the mesoderm: in the absence of ETV2, endothelial and endocardial progenitors differentiate into cardiomyocytes.^[@R20]^ Mechanistically, one report showed that miR-130a---a direct target of ETV2---promoted the endothelial program at the expense of the cardiac program by blocking Pdgfrα expression and signaling.^[@R21]^ In a recent study, ETV2 overexpression alone was sufficient to convert human adult fibroblasts into EC. In accordance with our findings, a downregulation of fibrotic genes, such as *col1a2*, could be observed together with the increase of EC genes expression in the reprogrammed cells.^[@R11]^ The authors also suggested that ETV2 functions through the recruitment of cofactors, such as FoxC2 (Forkhead box C2), and of epigenetic modifiers but did not specifically investigate the mechanisms by which ETV2 downregulated the fibroblastic signature. In this report, we showed that ETV2 can repress SMC/mesenchymal gene expression by decreasing DNA hydroxymethylation in the AdvSca1 cells through the downregulation of an IGFBP-5-TET axis. DNA hydroxymethylation has been linked to SMC plasticity and vascular remodeling. A recent study has reported the loss of Tet2 expression and a reduction of 5hmc marks in SMC in response to injury and in coronary atherosclerotic plaques.^[@R14]^ Reduced Tet2 expression leads to reduced 5hmc, increased 5mc, reduction of SMC differentiation marker genes, and increased vascular remodeling.^[@R22]^ Our results showed that in AdvSca1 cells, the increase of tet3 expression and of 5hmc enrichment promotes SMC/mesenchymal gene expression and that ETV2 counteracts this effect by inhibiting IGFBP-5 expression. IGFBP-5 is known to be expressed and secreted by SMC and to modulate extracellular IGF1 (insulin-like growth factor 1) availability and effect on SMC proliferation and migration.^[@R23]^ It was also shown that IGFBP-5 can translocate to the nucleus of porcine SMC, contains a transactivation domain, and functions as a transcriptional activator independently of IGF signaling.^[@R16]^ We identified here a new role for IGFPP-5 in the transcriptional regulation of AdvSca1 gene expression. Interestingly, IGFBP-5 mRNA expression is increased in atherosclerotic pig aortas compared with normal arteries^[@R24]^ and is also overexpressed in lung fibrosis where it was shown to induce the transcription of collagen and fibronectin.^[@R25]^ Our results showed that AdvSca1 cells incubated in CM prepared from an ex vivo-injured aorta expressed higher levels of nuclear IGFBP-5 compared with AdvSca1 cells in CM from uninjured aortas. Further investigation will be needed to establish whether IGFBP-5 could serve as marker of atherosclerosis.

Our work could have potential future clinical implications. After vascular injury, excessive vascular wall remodeling, including activation of the adventitia and intimal hyperplasia, can lead to restenosis. In this report, we confirmed that AdvSca1 cells can enhance vascular remodeling, and we showed that their transdifferentiation into EC using single-gene delivery of ETV2 can prevent this pathological effect. The transplantation of Adv-ETV2 cells on wire-injured femoral arteries even improved the remodeling compared with control arteries where no cells were grafted, by preventing SMC proliferation and promoting reendothelization.

Previous studies have shown that an increase in adventitial angiogenesis could have negative consequences on plaque growth and stability.^[@R26]^ For instance, the adenoviral delivery of proangiogenic factors, such as VEGF-A and VEGF-D, led to a significant increase in the intima/media ratio and a significant positive correlation was observed between the size of the adventitial vasa vasorum network and intimal hyperplasia,^[@R27]^ whereas antiangiogenic molecules, such as endostatin, have been shown to reduce intimal neovascularization and plaque growth in ApoE null mice.^[@R28]^ Consequently, the short- and long-term effects of a gene therapy involving cell fate modification of vascular progenitor cell to promote their EC commitment and prevent their SMC/mesenchymal differentiation still need to be investigated to evaluate the positive and negative implications this strategy could have on the progression of vascular diseases.

We established a protocol based on the adenovirus-mediated single-gene delivery of ETV2. As revealed by the variations in the gene changes between duplicate samples submitted for microarray analysis, the efficiency of ETV2 transduction varies, and differences in the level of remaining cells nontranduced in the Adv-ETV2 groups might create individual EC and SMC/mesenchymal gene variations (Figures [2](#F2){ref-type="fig"}D, [2](#F2){ref-type="fig"}E, and [4](#F4){ref-type="fig"}A). A positive selection of the transduced cells would allow the generation of a more homogenous EC-like population. The focus of our study was, however, not to generate a pure endothelial population but to prove that the single-gene delivery of ETV2 was sufficient to promote the differentiation of AdvSca1 cells toward the endothelial fate, which could have translational applications for in vivo reprogramming and gene therapy.

We think our results are encouraging for the development of future cell and gene therapies approaches targeting AdvSca1 cells to improve vascular remodeling after angioplasty or stenting. The localization of AdvSca1 cells on the outer layer of the vessel also make them interesting candidates for gene manipulation strategies or in vivo reprogramming. Our findings may open new therapeutic perspectives for other vascular diseases, including hypertension, or for pathologies linked to fibrosis because it was shown that Sca1^+^ matrix-producing cells contribute to aortic fibrosis.^[@R29]^
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The online-only Data Supplement is available with this article at <http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.117.309853/-/DC1>.

###### Highlights

-   Adventitial Sca1^+^ (stem cell antigen-1) progenitor cells are specified toward smooth muscle cell/mesenchymal fate.

-   The transduction of endothelial-specific transcription factor ETV2 (ETS variant 2) can direct the differentiation of adventitial Sca1^+^ cells toward the endothelial lineage.

-   ETV2 decreases the expression of smooth muscle cell/mesenchymal gene expression by downregulating IGFBP (insulin-like growth factor-binding protein)-5 and TET (ten-eleven translocation) expression.

-   Sca1^+^ cells transduced with ETV2 improve vascular remodeling when seeded on wire-injured femoral arteries.
